Chirality is a property of asymmetry between an object and its mirror image. Most 22 biomolecules and cells are intrinsically chiral. Whether cellular chirality can be 23 transferred to asymmetry at the tissue scale remains an unresolved issue. This question 24 is particularly relevant in the left-right organizer (LRO), where cilia motility and chiral flow 25 are thought to be the main drivers of left-right axis symmetry breaking. Here, we built a 26 quantitative approach based on live imaging to set apart the contributions of various 27 pathways to the spatial orientation of cilia in the Kupffer's vesicle (KV, zebrafish LRO). 28 We found that cilia populating the zebrafish LRO display an asymmetric orientation 29 between the right and left side of the LRO. Cilia orientations, therefore, give the KV cells 30 a sense of chirality which is different from the chirality of cilia rotation. Surprisingly, we 31 found this asymmetry does not depend on the left-right signalling pathway or flow. 32 Furthermore, we show the establishment of the chirality is dynamic and depends on 33 planar cell polarity. Together, this work identifies a different type of asymmetry in the 34 LRO and sheds light on the complexity of chirality genesis in developing tissues.
48
In zebrafish, the LRO is called the Kupffer's vesicle (KV) ( Figure 1A ). Before any sign of asymmetric cell 49 response, the KV consists of a sphere containing monociliated cells where a directional flow progressively 50 emerges as a result of stereotyped cilia spatial orientation (Ferreira et al., 2017) . Over the course of 51 hours, the cilia-generated flow triggers an asymmetric calcium response on the left side of the cavity 52 appropriate cilia spatial orientation with directional flow generation is thus critical for the subsequent 55 asymmetric response and proper LR patterning (Hashimoto and Hamada, 2010) . Current studies have 56 posited that flow patterns arise first in the LRO and then dictate the symmetry-breaking event (Blum et al., 57 2014; Shinohara and Hamada, 2017) . This has led to the inference that symmetry breaking initiation 58 depends on the establishment of symmetrical LRO where cilia orientation is tightly controlled by the 59 Planar Cell Polarity (PCP) pathway (Hashimoto and Hamada, 2010; Marshall and Kintner, 2008; Song et 60 al., 2010) . In this model, the direction of cilia rotation leading to the directional flow is the only known 61 chiral element in the LRO. However, a number of studies have suggested that subcellular chirality 62 associated with cytoskeletal asymmetric order could also participate in setting the LR axis, in particular in 63 asymmetric animals where no LRO have been identified (Davison et al., 2016; Hozumi et al., 2006 ; 64 Kuroda et al., 2009; Sato et al., 2015; Shibazaki et al., 2004; Speder et al., 2006) . This raises the 65 intriguing possibility that the LRO could use subcellular chiral information for symmetry breaking. In the 66 absence of tools for visualizing potential chirality in the LRO, however, it is difficult to establish if cell 67 chirality could participate in the process of symmetry breaking. To meet this challenge, we developed a 68 quantitative analysis based on live imaging allowing the investigation of the LRO chirality and the 69 identification of the factors controlling it. 70 71 Tissue chirality can result from asymmetric cell shape and asymmetric organelle distribution at the cell 72 scale (Wan et al., 2011; Xu et al., 2007) . We reasoned that as an asymmetry generator, the LRO itself 73 constitutes a candidate for being a chiral organ. We made use of the ellipsoidicity of the KV to assess the 74 symmetry of cilia orientation by focusing on the two angles defining cilia orientation in 3D ( Figure 1B ): θ 75 (tilt) is the angle of the cilium with respect to the KV surface normal (0° for a cilium orthogonal to the KV 76 surface and 90° for parallel); φ is the orientation of the cilium projected on the KV surface (0° for a cilium 77 pointing in a meridional direction towards the dorsal pole). Thus, the meridional tilt of cilia reported in wild-78 type (WT) KV corresponds to θ > 0° and φ close to 0°, meaning that cilia point dorsally following the 79 meridians of a sphere (Ferreira et al., 2017) . We performed live-imaging using the zebrafish 80 act2b:Mmu.Arl13bGFP transgenic line where cilia are fluorescently labelled (Borovina et al., 2010) . Next, 81
we extracted the angles θavg and φavg of the average cilia orientation vector in both hemispheres of the KV 82 between the 9 and 14 somite stage (SS), when the chiral flow is fully established. To quantify differences 83 in cilia orientation between the left and right sides, we calculated separately for each side the average 84 cilium direction in local coordinates ( Figure 1B) . In analogy to an individual cilium, the angles φavg and θavg 85 describe the direction of the average orientation vector on each side. In case of a mirror-symmetric KV, 86 θavg of the average cilium is equal on the left and on the right sides and the φavg angles are mirror-imaged: 87 θavg_left = θavg_right, and φavg_left = -φavg_right = φavg_right_mirror. To quantitatively assess the significance of 88 asymmetries in the KV, we designed a permutation test based on the definition of chirality (see Methods) 89 and calculated p-values estimating the likelihood that an a priori symmetric KV will show an equal or 90 larger difference Iφavg_left -φavg_right mirrorI due to variability. 91
92
We extracted and averaged the results obtained from 14 WT vesicles with a total of 730 cilia, and 93 estimated the θavg and φavg angles of the average cilium in 3D. There was a difference between the 94 measured φ angle on the left and the right sides of the KV ( Figure 1C ). While right-sided cilia are almost 95 perfectly oriented along the meridional direction (φavg_right = +1°, Figure 1D -E), cilia in the left hemisphere 96 exhibit a strong tilt following the direction of the flow (φavg_left = +28°, Figure 1D -E). On average, it defines 97 a dextral orientation over the whole vesicle (Sup. Figure 2A ). The permutation test confirmed the 98 significance (p<0.001) of the observed asymmetry in cilia orientations between the left and right side of 99 the KV (φavg_left ≠ -φavg_right) (Methods and Table 1). No difference in tilt angles was observed between the 100 left and right hemispheres (θavg_left = θavg_right; Sup. Figure 1A ). Together, these results show that cilia 101 orientation is asymmetric in the KV and follows a dextral chirality. To gain a better sense of when the chirality of cilia orientation begins, we analyzed cilia orientation in KV 117 in embryos at different developmental stages. We quantified the φ angle distributions of cilia from both 118 hemispheres of WT embryos at 3SS (early-stage), when the first signs of LR asymmetry have been 119 reported (Yuan et al., 2015) , at 6SS and at 8SS (mid-stages). At 3SS, two populations of cilia exist in the KV, motile and immotile. Neither the motile (φavg_left = +15º and φavg_right = -20°; Figure 2A -B), nor the 121 immotile cilia population (φavg_left = +32º and φavg_right = -8°; Sup. Figure 2B ) exhibit a significant difference 122 between the left and right sides of the KV (φavg_left ≈ -φavg_right, Table 1) , resulting in a φavg close to 0° at 123 3SS ( Figure 3A ). WT embryos at 6SS show some asymmetry ( Figure 3A ), but it is not yet statistically 124 significant (p=0.086, Table 1 ). Interestingly, at 8SS the side-biased orientation (φavg_left = +19º and φavg_right 125 = +4°; Figure 2A -C) becomes significant enough to reveal an overall asymmetry of the KV ( Figure 3A and 126 Table 1 ). These results show that the orientation differences are not changing linearly between left and 127 right, where the left angle does not change much between 3SS and 8SS and the right side changes more 128 significantly. We also assessed the variability of cilia orientation by plotting the mean orientation on the 129 left vs. right side for each embryo (Sup. Figure 3A) . The variability between embryos is always 130 substantial, but it reduces with time and all 14 embryos at 9-14SS show asymmetry in the same direction. 131
When considering θ angle distributions at 3, 6 and 8SS, we did not find any asymmetry between the left 132 and right-side of the KV, demonstrating that the cilia tilt remains symmetrical over time (Sup. Figure 1A) . 133
Together, these results demonstrate that cilia orientation in the LRO does not exhibit any asymmetry until 134 6SS and becomes progressively asymmetric during the course of KV development and LR patterning. 135 where pkd2 and spaw are not functional, respectively. As expected, both cup -/and spaw -/embryos have 151 laterality defects (Sup. Figure 4B -C and Table 2 ). By analyzing the KV cilia orientation, we found a normal 152 meridional orientation of cilia (Sup. Figure 2C , φavg ≠ 0° in Figure 3A Both blebbistatin-treated and rock2b-MO embryos exhibit laterality defects (Sup. Figure 4B -C and Table  167 2) and abnormal cell clustering in the anterior side of the KV (Sup. Figure 1D ) as previously described 168 (Wang et al., 2011; Wang et al., 2012) . Cilia orientation analysis showed that the rock2b-Myosin-II 169 pathway does not interfere with the meridional tilt of KV cilia (Sup. Figure 2C ). Permutation tests show 170 that the KV at 8SS is overall asymmetric (φavg_left ≠ -φavg_right) for both blebbistatin and rock2b-MO treated 171 embryos (φavg ≠ 0° in Figure 3A 
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Ciliary components involved in cilia motility have also been shown to modulate cilia orientation (Jaffe et 194 al., 2016) . We thus assessed if cilia motility could be a factor controlling asymmetric cilia orientation. We 195 first analyzed cilia orientation in the WT at 3SS and found that WT immotile cilia have a distinct 196 orientation compared to the motile cilia at the same stage (θavg_WT3SS immotile = +15º and θavg_WT3SS motile = 197 +30º; p<10 -4 ), suggesting that motility could be involved in modulating cilia orientation. To confirm cilia 198 motility involvement, we analyzed the effects dnah9 (lrdr1) knock-down and found that asymmetric cilia 199 orientation was perturbed (FigureS2A). We next studied the dnaaf1 -/-(dynein axonemal assembly factor 200 1; old nomenclature: lrrc50 -leucine-rich repeat-containing protein 50) mutants. dnaaf1 encodes for a 201 cilium-specific protein required for the stability of the ciliary architecture and when mutated abrogates its 202 ability to interact with specific targets important for cilia motility (Sullivan-Brown et al., 2008). Importantly, 203 dnaaf1 -/cilia have ultrastructural defects and display abnormal dynein arms orientation in beating cilia 204 (Loges et al., 2009) . We found that all cilia are immotile in the dnaaf1 -/-KVs (Movie 1) and that LR axis 205 establishment is randomized (Sup. Figure 4B -C and Table 2 ). We next assessed the symmetry in the 206 dnaaf1 -/cilia and found that their orientation does not show any sign of asymmetry at 3SS (φavg_left ≈ -207 φavg_right) (φavg ≈ 0° in Figure 3A ; Figure 3B -C and Table 1 ), similar to the controls at the same stage 208 ( Figure 2 and Sup. Figure 2B) . At 8SS, we found that dnaaf1 -/cilia orientation is asymmetric (φavg_left ≠ -209 φavg_right in Figure 3B -C and Table 1 ; φavg ≠ 0° in Figure 3A) showing that asymmetric cilia orientation is 210 flow independent. Surprisingly though, we found that dnaaf1 -/cilia have a meridional tilt ( Figure 3B ) but 211 are inclined in a sinistral direction, which is the opposite direction than WT at 8SS (φavg_dnaaf1 -/-8SS = -31° 212 ( Figure 3B ) and φavg_WT8SS motile = +11° (Sup. Figure 2A) ; p<10 -5 . See also Figure 3A After confirming the trilobite tc240a have left-right defects (Sup. Figure 4B -C and Table 2), we studied cilia 224 orientation at 8SS using trilobite tc240a ; actb2:Mmu.Arl13b-GFP (Heisenberg and Nusslein-Volhard, 1997) 225 mutant embryos, and found cilia orientation still follows a meridional tilt ( Figure 3E and Sup. Figure 1A) . 226
Our flow simulations (see Methods and Sup. Figure 4D ) predict that flow is significantly weaker in 227 trilobite tc240a than in the WT (p=0.024), as expected for a PCP mutant (Borovina et al., 2010) . In contrast 228 with other conditions studied so far, permutation tests could not detect any asymmetry in the trilobite -/-KV 229 cilia at 8SS, meaning φavg_left = -φavg_right (p=0.54, Figure 3D ,E, Sup. Figure 2C and Table 2) Figure  236 3B-C). As expected, we found that the basal body is localized posteriorly along the anterior-posterior (AP) 237 axis of the WT embryo and is symmetrical along the left-right axis of the cell ( Figure 4A , C, D). We next 238 assessed the AP position of the cilia in the dnaaf1 mutants and found that it is altered along the AP axis, 239 with basal body located more centrally to the cell (Figure 4 Our study revealed that cilia orientation progressively changes from mirror-symmetric to asymmetric 273 ( Figure 4E ) and that this new type of asymmetry emerges independently of the LR symmetry cascade. 274
Interestingly, even if we found that there is a strong variability in cilia orientation, we found that they will 275 invariably become chiral in every KV, suggesting a very robust process for chirality determination. Figure  287 4E) show that the torque resulting from the global flow is much smaller than the drag on a motile cilium. A 288 similar conclusion has been drawn when comparing the forces exerted on cells by beating ependymal 289 cilia with those mediated by the fluid (Mahuzier et al., 2018) . Finally, we found that the left cilia reorient 290 less than the right cilia even though the flow has the same magnitude on both sides (Ferreira et al., 291 2017). It seems thus that the relationship between flow direction and cilia orientations cannot be causal. It 292 is more likely that both could reflect disorders in cilia orientation in the respective mutants. 293 Rather than being induced by the flow, we propose that the asymmetry could arise from chiral influences 295 generated by the cytoskeletal components that operate at the cellular and subcellular scales (Satir, 2016) . 296 Pearson, 2014). This suggests two possibilities: either the orientation of the cilia basal bodies is chiral 300 (asymmetric between left and right, Figure 4F -4F'), or they are oriented symmetrically and the intrinsic 301 chiral structure of each cilium leads to an overall asymmetric distribution of cilia orientations ( Figure 4G -302 4G'). The fact that dnaaf1, a cilia specific protein, can reverse cilia orientation from dextral to sinistral 303 seems to argue for the latter. However, we found that dnaaf1 is also involved in modulating planar cell 304 polarity, so its function within the cilium remains difficult to assess. Interestingly, we did not detect chirality 305 in the distribution of basal body positions. This suggests that the chirality is related to the basal body 306 orientation but not its position. An attractive hypothesis is that cells need to be planar cell polarized to 307 express chirality and that the PCP (through Vangl2 and Dnaaf1) participates in the process that sets 308 basal body orientation. Among the many PCP components that affect LR determination (see for example 309 2018)), it will be interesting to assess if some are more important than others in controlling cilia chirality 311 and the robustness of cilia orientation. More work will be needed to establish the molecular basis of cell 312 and cilia chirality in the KV and whether it is conserved in other ciliated LRO. 313
In line with this idea is the fact that cells can display chiral behaviours in vitro

314
The demonstration that the asymmetry is actively modulated by the PCP, cilia motility and, potentially, by 315 the internal organization of cilia has important implications for the understanding of chiral information 316 distribution and its control in developing organs. First, it shows that chiral information is dynamic and 317 temporally controlled during the course of LR specification. In that respect, it is interesting that cells 318 establish chiral organization as a result of cell migration in vitro (Wan et al., 2011) More generally, proper cilia orientation is essential for directed flow generation in ciliated tissues or for 332 swimming in ciliated microorganisms (Goldstein, 2015) . An important open question is whether cilia can 333 reorient themselves in the direction of flow (Guirao et al., 2010; Mitchell, 2003) and if so, whether this 334 reorientation is a consequence of hydrodynamic forces. Another possibility is that cell polarity is affected 335 by the flow. Since some ciliary proteins involved in cilia motility also participate in planar cell polarity (Jaffe 336 et al., 2016) , it is possible that the spatial orientation of motile cilia is an intrinsic mechanism, which is 337 independent of the flow they generate. In the case of brain cavities, the orientation of cilia beating 338 dynamically follows the circadian rhythm and may be driven by transient changes in cell-cell interactions 339 and in PCP (Faubel et al., 2016) . Similarly, ciliated microorganisms can reorient the direction of ciliary 340 beating in the course of an avoidance reaction (Tamm et al., 1975) . Mechanical strain has also been 341 shown to be involved in dictating cilia orientation, length and motility features (Chien et al., 2018) . Our 342 study sheds a different light on these systems as it shows that cilia orientation is related to cell polarity in 343 a complex way that includes an intrinsic sense of chirality. Furthermore, as there is increasing evidence 344 that congenital diseases like idiopathic scoliosis (Grimes et al., 2016) , Kartagener syndrome, neonatal 345 respiratory distress, hydrocephaly, and male infertility involve cilia motility (Mitchison and Valente, 2017) , 346 precise cilia orientation analysis becomes critical to understand the biological principles that govern cilia 347 function and their potential involvement in pathology. In this context, our conclusions and method could 348 be relevant in the studies of a variety of developing organs. Live imaging experiments were performed as described in (Ferreira et al., 2017) , in order to maximize the 377 scanning artefact that allows to properly reconstruct cilia orientation in 3D as described in (Supatto and 378 Vermot, 2011). 379
380
3D-Cilia Map: quantitative 3D cilia feature mapping 381
We used 3D-Cilia Map, a quantitative imaging strategy to visualize and quantify the 3D biophysical 382 features of all endogenous cilia in the Kupffer's vesicle (KV) in live zebrafish embryos, such as KV size 383 and shape and cilia density, orientation or motility. This image analysis workflow using Imaris (Bitplane 384
Inc.) and custom-made scripts in Matlab (The MathWorks Inc.) was first described in (Ferreira et al., 385 2017) . We improved its automation to facilitate the analysis of a large number of cilia. In addition, we 386 added new feature quantification, such as the length of both motile and immotile cilia, which is estimated 387 based on the radial fluorescence intensity profile originating from the position of each cilium basal body. 388
All coordinate system definitions are described by (Ferreira et al., 2017) . In particular, the cilium 389 orientation is represented as a unit vector from its base to its tip, with angle θ and φ defined in a local 390 basis ( Fig 1B) . This vector represents the orientation of the rotation axis of motile cilia or of the cilium 391 body orientation in the case of immotile cilia, which are both obtained from experimental images. The 392 average angles φavg and θavg used throughout this work describe the direction of the 3D resultant vector, 393 which is the sum of all considered cilia unit vectors. 394 395
Whole-mount in situ hybridization (WISH) 396
Whole-mount in situ hybridization was performed as described previously (Thisse and Thisse, 2008) . 397
Digoxigenin RNA probes were synthesized from DNA templates of spaw (Long, 2003) and foxA3 398 (Monteiro et al., 2008) . Embryos for spaw and foxA3 WISH were fixed at 17SS and 53 hours post 399 fertilization (hpf) respectively. The zebrafish heart looping was assessed at 48hpf when the heart is 400 already beating. Due to its transparency, the heart loop can be visible using brightfield illumination. We 401 performed WISH for foxA3 at 53hpf in order to visualize the gut situs (Monteiro et al., 2008) in the same 402 embryos in which we previously assessed the heart looping at 48hpf. Embryos were evaluated after 403 WISH and scored according to the curvature between the liver and the pancreas. For the sake of 404 simplicity, we merged the laterality information of both heart and gut and described it according to the Figure 4A) (Long, 2003) . After scoring, embryos 410 were individually genotyped. 411
412
Immunohistochemistry 413
Embryos at 8SS were fixed by MEMFA (3.7% formaldehyde, 0.1M MOPS, 2mM EGTA, 1mM MgSO4) for 414 2h at room temperature (RT). Embryos were changed to 100% Methanol and stored at -20ºC overnight 415 (OV). After rehydration, embryos were washed in PBBT (PBS with 2mg/mL BSA and 0.1% TritonX-100) 416 and blocked in PBBT with 10% goat serum at RT. Subsequently, embryos were incubated OV at 4ºC with 417 primary antibodies -1:50 mouse anti-ZO1 antibody (33-9100, Thermo Fisher Scientific) and 1:200 mouse 418 anti-gamma tubulin antibody (T6557, Millipore Sigma). After, embryos were washed with PBBT, followed 419 by blocking solution, and incubated overnight at 4ºC with secondary antibody -1:300 anti-mouse Alexa 420 To statistically test the mirror-symmetry in the KV, we used a permutation test (also called randomization 426 test) (Hesterberg T, 2005) . We compute the statistic |φavg_left -φavg_right mirror|, where φavg_left is the φ angle of Embryos at 8SS were fixed by MEMFA and labeled with anti-ZO1 and anti-gamma tubulin antibodies, 447 followed by Alexa Fluor 546 IgG labeling (detailed protocol in "Immunohistochemistry" method section). 448
Samples were imaged in a TCS SP8 confocal microscope (Leica Microsystems). Cilia basal bodies were 449 segmented in 3D from fluorescence images using Imaris (Bitplane Inc.). A local reference frame at the 450 origin of each basal body was defined to identify the local tangent plane to the vesicle in 3D. Using 451 custom-made scripts in Matlab (The MathWorks Inc.), the fluorescence intensity of pixels up to 2µm away 452 from it was orthogonally projected on this plane (Sup. Figure 3B) relatively to them has then been calculated for every cilium as shown in Sup. Figure 3B Figure 4 ). 
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